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Fractional calcium currents through recombinant GluR 
channels of the NMDA, AMPA and kainate receptor subtypes 

N. Burnashev* Z. Zhou ft, E. Neherf and B, kSakmann*§ 

* Maz-Planck-Institut fiir rrtedizinische Forschung, Abteilung Zellphysiologie, 
69120 Heidelberg, Germany, t Maz-Planck-lnstitut fiir biophysikalische Chemie, 
Abteilung Mem.branbiophysik, 37077 Gottmgen, Germany 
and % Institute of Biophysics and Bioche.viistry, ffuazhong University of Science and 
Technology, Wuhan, Hubei 430074, China 

I . Simultaneous fluorescence and whole-cell current, measurements using the calcium indicator 
dye fura-2 were made in HiSK 29.3 cells expressing recombinant ghvtamate receptor (GhiR) 
channels, and fractional Ca 2 * currents (the proportion of whole-cell current carried by Ca a+ ; 
P r ) were determined. 

I. Cells expressing i^-tnethyl-D-aspartate receptor (NMDAR) channels showed glutamatc- 
activated Ca 2 " 1 ' inflow in the voltage rango —60 to 40 mV in normal extnurellular solution. 
Oa* + inflow decreased in a voltage-dependent manner at membrane potentials more 
negative than -30 mV due to Mg* + block. Voltage dependence of block at negative 
potentials was stmnger in cells expressing the NR1-NR2A as compared with cells 
expressing NRl -NR2C aubunits. 

Fractional Ca 21 currents through NMDAKf? were independent of extracellular Mg 2+ and 
varied between 8-2% (NR1-NR2C snbunits} and 11% (NR1-NR2A subunits) in normal 
extracellular solution (1*8 mil Ca 2+ ) at —60 mV membrane potential. P f values increased 
with increasing [Ca? + ] 0 in the range of 0*5-10 mM [Ga a+ ] u in a saturating fashion. 

In cells expressing a-amino-S-hi'drpxy-S-methyl-i-isoxazolcpropionate receptor (AMPAR) 
subunits which were unedited at the Q/R site of the putative transmembrane segment TM2 
(Q-form), or in cells coexpixsssing unedited and edited subunits (R-form), the gluUunale- 
evoked Ca 2+ inflow increased from 20 to —80 mV in an almost linear way. 

Fractional Ca a+ currents through AMPAR channels depended on subunit composition. 
P t values of Q-fbrm homomcric channels at —60 mV and 1*8 mM [Ga 2+ ] 0 were between 3*2 
and 3-9%. They were slightly voltage dependent and increased with [Ca 2+ ] 0 in the range 
1 '8-10 mM. P t values in cells co-expressing Q- and R-fbnn subunits were almost one order 
of magnitude smaller (0*54%). 

Relative concentrations of Q-form and R-form GSuR-B subunit-specific cDNAs used for cell 
transfection determined the expression of functionally different heteroincric AMPARs. 
if decreased with increasing relative concentration of R-form encoding eDNAa from 3*4 to 
1'4%, demonstrating that editing of the Q/R site of GluR-B subunits decreases Ca 2+ inflow 
through heteromeric AMPARs. 

Cells expressing the GluR-6 subunit of the kainate receptor (KAR) famiry were 
characterized by P s values which depended on the editing in the TM1 and TM2 segments. 
P f values were largest for the Q-form (1 '56-2'0 %) and lowest for R-form channels (< 0*2 %), 
suggesting that Q/R site editing also decreases Ca 2+ inflow through KAR channels. Cells co- 
expressing both subunit forms showed an intermediate value (0*58 %). 
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8. Fractional Ca** citrrente measured with normal [0a 2+ ] o were different from P T values 
predicted with constant field assumptions from reversal potentials measured in bi-ionic 
(Ca 2+ -Cs + ) conditions with high [0a 2+ ] o . 

9. The results indicate that the of P £ s mediated by recombinant GluR channels in normal 
extracellular solution varies over a 50-fold range between less than 0*2 and 11 %, depending 
on the combination of GluR channel subunit* expressed. Assembly of different subiuiit 
combinations, rcktive abundance of subimit specific mllNAs and editing of mUNA are 
major mechanisms which control this wide range of Ca 2 * inflow through different versions 
of GluK channels under physiological conditions. 



Inflow of calcium ions via synaptic glutamate receptor 
(GluR) channels ma}' be a critical step in controlling develop- 
mental changes in synaptic connectivity and plasticity in the 
central nervous system (ONS) (ColJingridge & Bliss, 1987; 
Nicoll, Kauer & Malenka, 1988; Collingridge & Singer, 1 990). 
Ca 2+ influx is mediated by the opening of GluR channels 
which aTe heterogeneous in their functional properties and 
molecular structure. They are mu itimeric proteins assembled 
fwm subunits which belong to different submit families 
(Wisden &Seeburg, 1993). Based on pharmacological criteria 
GluRs arc referred to as the a-amino-S-hydroxj^o-metliyl- 
4-isoxazolepropionate receptor (AMPAR), JV-methyL-D- 
aspartate receptor (NMDAR), and kainato receptor (KAR) 
clianneb {Monarfian, Bridges & Cotman, .1989; Wafckins, 
Krogsgaard-Larsen & Honore, 1990). Measurements of bi- 
ionic reversal potentials of glutamate-activated currents in 
host cells expressing recombinant GluR channels have 
suggested that, based on shifts of reversal potential in 
Ca fl ' -free and high extracellular Ca J+ concentration ([Ca? 
solutions, their relative calcium to monovalent alkali cation 
(M*) permeability (P 0a /P M ) varies over a wide range, and 
tliat ica/^M depends strongly on subunit composition 
{rTollmann, Hartley & Heinemann, 1991; Burnashev, 
Monyer, SeebuTg & Sakinann, 1992a; Burnashev et aL 
19926; Kohler, Burnashev, Sakmann & Seehurg, 1993; 
Monyer, Burnashev, Laurie, Sakmann & Seeburg, 1994). In 
such experiments reversal potentials were measured with 
unphysiologically high [Ca 2+ J 0 (10 llOmM), To assess the 
amount of glutamate-activated Ca** inflow mediated by 
different GluR channels under more physiological 
conditions (1-8 inM [Ca^jJ, the contribution of Ca 2 * to the 
total current mediated by GluR channels ought to be 
determined using simultaneous fluorescence and current 
measurements (Neher & Augustine, 1992; Zhou & Neher, 
1 993; Schneggenburger, Zhou, Konnerth & Neher, 1993). 

We have measured glutamate-activated who!e-ceJI currents 
in REK 293 cells expressing recombinant GluRs and 
determined simultaneously the rise in intracellular Ga 2+ 
concentrations ([Oa^JJ by two-wavelength fura-2 
fluorescence measurements under conditions which allow 
the estimation of a fractional 0a 2+ current (P t ), The results 
show that P r B mediated by different GluR channels with 
physiological [0a* + l o may vary between less than 0-2 and 



11 % of the total membrane current, and that this fraction 
depends critically on their subunit composition. 

METHODS 

Recombinant glutamate receptor ohannels in host cells and 
electrophysiological recordings 
Expression of recombinant GluR ohannels. All measurements 
were made on HEK 293 ceils transfected either transiently or 
stably with various combinations of cDNAs encoding different 
subunita of the NMDAR, AMPAtt and KAR families. Recordings 
from ti-anaiently transfeoted cells were made about 2 days after 
tiTinxfeetion as described by Burnashev ei al (1992a). Experiments 
with «taWy transected mils (expressing GIuK-A subunits) were 
made 1 -2 days after plating. 

Eleotrophysiology and agonist application. Currents were 
measured in the whole-ceil configuration (Hamiil, Marty, Neher, 
Sakmann & Sigworth, 1 981) from cells attached to the bottom of a 
glass coverslip. The intracellular solution, contained in the 
recording pipette, consisted of (am): 140 CsCl, 10 Hopes and 1 
fura-2 (pH adjusted to 7-2 with GsOH to a total [<V] of 
143*5 mm), Normal rat Ringer (NRR) solution was used as 
extracellular solution containing (him): 135 Na£1, 5*4 KCI, 1-8 
CaC\, 1 MgCla, 10 Hcpcs (pH adjusted to 7-2 with NaOH). In 
some experiments with NMDAR channels, nominally Mg af -free 
NRR waa used, For fluorewsmca calibration experiments the intra- 
cellular solution contained (miw): 100 iV-raethyl-i>-glucamine 
(NMG), 10 Hepes and 1 fnra-2 (pR adjusted to 7-2, with HCJ). 
Rxttnoellular solution contained (mM): 100 NMG, lOHepesand 10 
CaCl a (pH adjusted to 7-2 with HC1). For activation of GluR 
channels, agonists were applied for 0*3-2 s by means of a Piezo- 
driven double-barrelled application pipette (Sommer et al 1990). 
For the activation of NMDAR channels 100 pm glutamate was 
applied in Ute continuous presence of 10 /tM glycine. For the 
activation of AMPAK channels 300 jim glutamate was applied 
alone or in the presence of 10 /mi cyolothiazide to prolong the 
duration of the non -desensitizing current component. In 
experiments with KAR channels 50 /*m of domoic acid (DA) 
instead of glutamate was used or cells were preincubated with 
coDcanavalin A (OonA) at 0-3 mg ml" 1 for 2-3 min prior to 
glutamate (300 /cm) applications. All pharmacological agents wot; 
purchased from Sigma; fura-2 was obtained from Molecular Probes 
(Eugene, OR, USA). 

Shifts of reversal potential (V TtiV ) were measured by changing from 
symmetrical Cb + -Cb + (extracellukur-introcellular) solutions to 
bi-ionic Ca 2+ -Gs + conditions. The ion composition of the intra- 
cellular solution was similar to that used for P s measurements, 
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containing (iiim): 143-5 OsCI, )0 Ilepes and 5 KGTA (pH adjusted 
to 7-2 with CsOH). T\m ex travel hilar solutions were (dim): 14:*-/> 
G>CJ], or 100 CaCl,, 10 Hcjjuh (pH adjusted to 7-2 with CsOH or 
Ca(OII) ft ; the final [Go?*] was 102 urn). The inference electrode in 
. the hath was an agar bridge saturated with 3 m KCl connected to 
the amplifier via a chlorided silver wire The shift in junction 
potential, when switching the extracellular solution from 
143-5 niM OsCI to 102 mM CaCU was 0*3 mV as measured by a 
blunt patch pipette filled with 3 m KCl. Th* measured shift in item 
current potential between (V'-Os* and Cr^-CV conditions was 
corroded by the junction potential. Zero current potentials were 
determined by interpolation of the /- V relation of glutamatc- 
activated currents which were measured with 5 or 10 mV steps in 
holding potential. 

Fluorescence measurements 

Fura-2 was loaded into I IKK 293 cells via the patch pipette and 
the fluorescence, excited alternately at 360 and 3H0 nm by means 
of a rotating filter wheel, was sampled at 2 H*. Fluorescence Was 
measured by the method described hy Sohncggunburger et at. 
(1993) and Zhou & Xeher (1993) using the photomuttipiier and 
analysis system of LuigH and Neumann (Ratingon, Germany). The 
Ca 2 ' influx was estimated from tiie fltioi'csccnce signals according 
to the method of Neher & Augustine (1902) arid Zhou & Neher 
TJie ratio, £ of the decrement in fluorescence F^ (at 



(1993). 

380 nm excitation) and the integral (Q) of the glntamate-evohed 
current during short applications of glutamate was measured as 
detail**! in Kg. 3. The flnorc*cen<re amplitude was normalised by 
using 'standard beads' measured on the same experimental day; I 
head unit (BU) represented tlwi mean amplitude of F 380 signals of 
five to ten standard beads (Zhou & Nelier, 1993). 

Simulation of constant field behav iour 

Voltage dependence of fractional Ca 3+ current. The P r values at 

various membrane potentials expected from constant field 

assumption* were compared with the experimental data according 

to: 

Pf - 1/d + (PMfLym^W - «xp<* YJ4»)/4) 9 (1) 

with the permeability ratio P^/P^ dctenninetl fbr P f measured at 
-60 mV membrane potential and I -8 mM external Ca ,+ . fM + ] is 
total extracellular (or total intracellular) monovalent cation 
concentration, [Ca 2+ ] 0 is externa! Ca? + concentration, V m is 
membrane potential and (t> = KT/F= 25-42 ruV (at room 
temperature), where F, R and T are standard thermodynamic 
parameters. [Iff 1 ] and [Ca 8 *] were corrected for activities as 
detailed below. 

Fractional Ca* + current in physiological solution and relative 
Ca 1+ permeability. 'Hie l-elation between P r and either [Ca 8 ^ or 
bi-ionic reversal potentials ( V r9V ) predicted on the basis of constant 
field assumptions was calculated according to eqn (1). Room 
temperature, T, was taken as 295 K, and both extracellular 
Na + 4 1C + and intracellular Cs + (i.e. the total monovalent cations 
[M+]) wero taken an 143-5 m.u. For all calculations [M + J and [Ca 2+ t 
were corrected fov activities. The activity coefficient for 
monovalent ions was 0-72 (as for (V). The activity coefficient for 
1-8 mm Ca 8+ (as CaCl 2 ) was 0-57. The permeability ratio P^JP m 
was calculated from bi-ionic rovonwl potentials according to the 
constant field equation (lino, 0/.awa& Tsuzuki, 1990) as: 

'ffMl/[0^lJexp(K w /0)(exp(K w /0)+ 1V4. (2) 



the intracellular monovalent cation concentration, is the 

bi-ionic reversal potential in high (102 iiim) (!h? + extracellular 
solution. In bi-ionic conditions the solutions contained 102 f dm 
Oa 2 * on thi; outer and M3'5 m.vi Gs + on the inner side of the 
membrane. Activity iroerhYients were 0*52 for 102 uim Ga? + , 0-57 
for 1-8 mM 0»? + and 0-72 for 143-5 mM Gs + . The permeability 
ratios P Ca /i>, obtained f?-r>m this equation were used to calculate 
the expected J> values in normal extracellular solution (1*8 mM 
Ca 2+ ) at —60 mV membrane potential by using eqn (1). 



whom <l> and [0a 2+ ] rt have tho samo meaning as in eqn (1), [M*'j, is 



RESULTS 

Measurement of calcium inflow activated by 
glutamate in transfected HEK 293 cells 
Loading of HEK 293 cells with fura-2 
To measure P f s wc used a modification of the method of 
Neher & Augustine (1992) and Zhou & Neher (1998). 
Transfected HEK 293 cells wore loaded with the indicator 
dye fura-2 [1 mar] in the recording pipette. During loading 
the oonccntration of fura-2 in the cell slowly rose. When 
fnni-2 was in excess of the 'endogenous' Ca 2 * buffer then, 
for Ca 2+ entering from the extracellular side, a stable 
relation lietween tho decrease in the Ca 8+ -sensitive 
fluorescence at 380 nm (A/^) and the underlying Ca**" 
inflow could l>e observed. To OAtabliali a quantitative 
relation between fluorescence decrement and the Ca a+ flux 
in HEK 293 cells we calibi-ated tho experimental set-up by 
measuring the rluorescenee decrement in a fully loaded cell 
under conditions where inward current was carried by Ca 2+ 
only. In the method of Zhou & Neher (1993) this is achieved 
by studying currents through Ca a+ -specific voltage- 
activated channels. Since in HEK 293 cells endogenous 
voltagc-aotivatcd Ca 2+ channels are expressed at a very low 
density (Sun et ai 1994) we used a different method for this 
calibration. HEK 293 cells that express the Ca 2+ -permeable 
GhiR-A homomeric channel (Burnashev et al 1992a) were 
used and the impermeant cation NMG was present at 
100 mM as the major cation both inside and outside of the 
r:eil. The only permeant ion on the extracellular side was 
Ca 2+ at 10 niM, After establishing whole-cell recording 
(with a pipette containing I i>im fura-2),, the dye 
concentration slowly equilibrated with the cell interior as 
measured by an increase in tho Ca 2+ -insensitive 
fluorescence signal at 300 nm (Fig. 1^, upper trace). At 
various intervals after the beginning of the loading the 
extracellular solution was switched briefly to a solution 
containing 300 /m gbtamate to activate GluR-A channels. 
The resulting influx of Ca* + was measured as a fluorescence 
decrease at 380 nro (I^g. 1 A t middle trace) and the increase 
in [Oa 2+ ]i was calculated from the fluorescence ratio 
according to Orynkiewicz, Poenie & Tsien (1985) (Fig. lA, 
lowei* trace). 

Determination of the F/Q ratio 

The increasing proportion of Ca a+ bound by fura-2 at two 
different times of loading is illustrated in Fig. IB. In the 
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two panels, for practically identical inward currents evoked 
by glutaniate application and carried by Ca 24 ", the decrease 
in fluorescence at 380 nm was about twice as large for the 
.second pulse. The ratio of the fluorescence decrement at 
380 nm to the current integral (called the F/Q ratio or /) 
was correfipondingly larger for the second gtatamate 
application. The change in [Ca 2+ ], on the other hand was 
much smaller (Fig. I upper traces) because of the larger 
Ca 2 ' 1 ' buffering capacity of the rura-2-Joaded cell. By- 
plotting the F/Q ratio as a function of the Ca* + buffering 
capacity (tc^ of fura-2 (calculated as tc' B = AlBCaJ/AfCa 2 *],, 
according to eqns (30) and (31) in Neher & Augustine, 1992;' 



where [BCa] is the total concentration of Ca 84 bound to 
buffer) an asymptotic value off, called / max , was reached 
(Fig. iC) and / mflX may then be taken as the F/Q ratio 
representing pure Ca 2+ flow. The fraction of the whole-cell 
current carried by Ca 2+ in multi-ionic conditions is then 
measured a* P f = f/f m ^ For all measurements the cellular 
fluorescence values were normalized with respect to the 
fluorescence of standard fluorescence beads such that 
fluorescence is expressed as bead units (BIT). One bead unit 
is the fluorescence of a single bead under the illumination 
condition and fluorescence detection efficiencies of the given 
experiment. The F/Q ratio has the dimension of bead units 
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Figure 1. Loading of HBK cell with fura-2, measurement of gtatamate-activated rCa ,+ ], 
changes and saturation of F/Q ratio 

For calibration of the Ouorawenoe aignal (Aff) iind the Of* influx, stably transfcclcd HKli 293 cells wore 
used which express the CluR-Asubunil, homomeric channel. Tr. intracellular and extracellular solutions 
C* was the only permeable ion. A, fluorescence signals during fura-2 loading (I mm in the pipette) at 
360 nm (upper trace, Ca insensitive fluorescence, indicating degree of loading with indicator dyo); at 
380 nm (middle trace indicating fluorescence decrease, A^, upon rise in'[C^ and mtiometric 
determmat^n of (Ca J, (lower trace). Loading of cell i„ NMQ (100 m») extracellular solution retaining 
10 jam Ca' . Intracellular solution contained 100 mil Nfld .Several pulses of glutaraate (300 /m) were 
applied during loading. B simultaneous measurement of [C* e+ ], by ntiomefrio determination (upper 
tiuees) and whale-cell Ctf- current (lower traces) during loading of the same cell as shown in A to 
demonstrate U»l the saino size Ca 8+ current evoked by glutamate applications marked by arrows in 4 
evokes progressively smaller signals, as f UIW -2 dominates buffer capacity of the cell. C saturation 
of F/Q ratio, /(in bead .mite (BU) pA"' s' 1 ) is plotted as a function or the G^-Wnding capacity of fura-2 
(*«)• .Saturation of / with inciting k' k is observed after a few minutes of establishing the whole-cell 
reoon'nig configuration, yielding an /;„,„ vnlue of {K<5 x 10" s BU pA" 1 s"'. Data point, are pooled from 
R mils. Line represents « binding isotherm fitted to data points. 
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per coulomb and P f is a dimensiordess quantity (Zhou & 
Neher, 1993). 

Caloium inflow through NMDAR channels 

Voltage, Mg 2+ and subunit dependence of Ca 2+ influx 

Native NMDA receptor channels arc characterized by a 
high relative Ca a+ permeability and sensitivity to voltage- 



dependent block by extracellular Mg 2+ (Mayer, Westbrook 
& Guthrie, 1984; Mayer & Westbrook, 1987; Aacher & 
Nowak, 1988). Functional recombinant NMDAR channels 
may assemble from different subunit combinations, usually 
comprising NRl subunits (Moriyoshi, Masu, Ishii, 
Shigcmoto, Mizuno & Nakanishi, 1991) in combination 
with one or more aubunits of the NR2-subunit family 
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Figure 2. Ca 2+ influx during activation of NMJDAR channels 

A y fluorescence decremonlH (A/^ B0 ) evoked by giutaroato application at different membrane potentials ( VJ 
in the absence (left column) and presence (right column) of extracellular Mg 2+ . Tlic cell expressed the 
NRI-NR2A subunit combination. B t fluorescence decrements (A/^ 380l left.) and glutanmto-activatcd 
currents (/ yMDA a» right) close to reversal potential. At -20, 0 and 20 raV a fluorescence decrement is seen, 
indicating Ca 2h inflow even when net current is reversing direction. C, fluorescence-voltage (upper 
graph) and current- voltage (lower graph) plots of a cell expressing the NRl -NR2A subunit 
combination measured in the absence (O) and presence (•) of extracellular Mg a+ (1 mM). 
D % fluorescence-voltage (upper graph) and current- voltage (lower graph) plots of a eel! expressing the 
.NR1-NR2C subunit combination measured in the absence (O) and presence (•) of Mg a+ (I mM). 
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(Monyer e.t ai 1994). Four different combinations of 
recombinant mibunitfi hare a high Ca 2+ permeability and 
show clear differences in their sensitivity to Mg 2h block 
(Monyer et ai 1904). To evaluate whether NMDAR 
subtypes show differences in the magnitude and voltage 
dependence of (V* inflow in physiological conditions we 
measured fluoiisseence decrements at different membrane 
potentiate in the absence and presence of extracellular Mg* + 
for cells expressing NRI-NR2A or NR1-NR2C sobunits. 
In all experiments, intracellular [fura-2] was high enough 
to capture all of the Ca, 2+ entering the cell such that the 



fluorescence decrement at 380 nin (A^ 3g0 ) was proportional 
toCa 4+ influx. 

Fig. 2 A, C and T) illustrates that A/J iW in the absence of 
extracellular Mg a+ rose almost linearly as the membrane 
potential was made more negative and was reduced in 
amplitude in the presence of 1 mM Mg 2 "*" in a voltage- ajid 
subunit-specifii* manner. Both NMDAR subunit 
combinations mediated a measurable Ca 2 * influx at 0 and 
20niV membrane potential in physiological extracellular 
solution when the glutamate -evoked net current was zero or 
outwardly directed (Fi«r, 2B-D). Recombinant NR1-NR2A 
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Figure 3. Ca*+ influx through NMDAR channels depends on membrane potential and 
extracellxdar[Ca a+ ] 

A t determination of F/Q ratio for recombinant NMDAR channels. Upper trace shows fluorescence 
decrement (&F mo ) during glutamate application to a cell expressing NR1-NR2A subunits. Arrows 
indicate amplitude of fluorescence change. Lower trace shows gluta mate-activated inwardly directed 
whole-cell current (4 MDAU ). Current integral between*' dashed lines corresponds to charge transported by 
the whole-cell current ((k MDAR ). B, simultaneous measurement of fluorescence decrement (A^, left 
column) and gtatamate-aoti voted whole-cell currents (/ NJHDAU , right column) in a cell expressing 
NR1-XR2A suhuirita, nl different membrane potentials as indicated on the left. Mg*'-free, 1-8 mM Ca 8 ^ 
extracellular solution. Both A>3 SU and / XMI>AK increase at more negative membrane potentials. 
0 t simultaneous measurement of fluorescence decrement (AF^ 0 , lefl column) and glufciniate-activated 
whole-cull currents (/>? MI>Aft , right column) at different [Ca**J 0 as indicated on the left. Membrane 
lietential, -60 mV. Cell expressed XR1-NR2A siilmmt combination, Xote that &F m increases with 
[Ca 2+ ] 0 for approximately the some V WHt)Att . 
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channels mediated, in physiological extracellular solution 
(1 mM Mg 2+ ), the Largest Ca 2+ in How at about -20 mV 
whereas for NR1-NR20 channels, the largest influx 
occurred at around — 40 mV. The decrease of the- 
ft 1 norcstccnce signal at more negative potentials was much 
stronger for NR1-NR2A channels compared with tliat of 
NR1-NR2C channels. 

Fractional Ca 2+ current through NMDAB channels 

To determine the relative contribution of Ca 2+ to the total 
current through NMDAR channels, we measured the FfQ 
ratio (/xmdar)» i e - *he ratio of the fluorescence decrement 
(A^3so) *° tne tofca ' charge (^mdmO transported by 
glutamate -activated current (J^mdak) during an 
appropriately selected time interval following NMDAR 
channel activation (Fig. %A). By dividing f mxoA& by / max 
the ratio f^tDAvJfmux °* waa obtained for 

NR1-NR2A recombinant channels at —00 mV. This ratio 
is equivalent to P {i the mtio of Ca 2+ current (I CrA ) to the 
total current {/jj^atJ (2hou & Neher, 1993). As pointed 
out by Schneggenburger t:t al. (199H) the FfQ ratio reflects 
the P r only if evaluated in relatively short time intervals 
(within scconda) following Ca 2 ' inflow because for longer 
times Ca 2+ clearance will influence the Ca 2+ balance. 

Dependence of fractional Oa* + current on V m and 
[Ca?^ for two NMDAR channel subtypes 
Figure 3/? illustrates fluorescence (left) and current (ri&ht) 
traces recorded simultaneously during glutamate activation 
of cells expressing NR1-NR2A subunits in the absence of 
extracellular Mg 2 *\ As the membrane potential became 
more negative, both Ai^ and I Kya>AR increased. The P f 
was almost constant for membrane potentials more negative 
than —20 mV (Fig. 4/1) as is expected from constant field 
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assumptions. P t values showed, over the whole voltage 
range measured, a clear difference between the two 
NMDAR cliannel types, since mean P f values measured in 
NRI - N r R2A-expressing cells were about 30% larger than 
those of cells expressing NR1-NR2C subunits (Fig. 4 A). 

The difference in P f values and bi -ionic {Ca 2+ -0s + ) reversal 
potentials (see Table 1 in Discussion) for two NMDAR 
subunit combinations might be related to the observation 
that Ca 2+ in both types of channels acts as a permeant 
blocker but of different blocking strength. In cells 
expressing NR1-NR2A channels, 1*8 mM Ca 2+ added to 
divalent-free NRR reduced the whole-cell (inward) current 
by 23 ±9% (72 = 6, P^-BOmV), whereas for 
NR1-NR2C channels, the reduction was much larger 
(50 + 10%, ?i = 5). In addition, the ratio of chord 
conductances g c J<hr*> estimated at —60 mV from the I-V 
relations measured in 110 mM Oa 2 * and !40mM Na + , 
respectively, was smaller for NR1-NR20 channels 
(0-2 ±0-02, « = 4) than for NR1-NR2A channels 
(0*4 ±0-08, n = o). 

The dependence of P { on [Mg 2+ ] 0 was determined by 
comparing measurements at 0 and 1 idm Mg 2+ . The mean 
1\ values for NR1-NR2A subunit channels at —40 mV of 
11-1 ±0*4% and 11*3 ±i% (n=3 for each type of 
experiment), respectively, were not significantly different 
in spite of the fact that the absolute magnitude of currents 
in the presence of extracellular Mg a+ was much smaller. 

Figure 3C (left column of traces) illustrates the increase in 
fluorescence changes evoked by glutamate with increasing 
[Ca 2+ ] 0 . The total charge transported by whole-cell currents 
was of approximately the same magnitude (right column of 
traces). As expected, P t values increased with [Ca s+ ] 0 . The 
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Figure 4. Differences in fractional Ca s+ currents between NMDAR channel subt3'pes 
A, voltage dependence of fractional Ca 2+ currents (P f s) measured in cells expressing the NRI -NR2A (•) 
or NK1-NR2C subunit combination (C). Cell transfeclion as well as P t measurements were made on the 
same day for the two subunit combinations. B t [Ga? + ] 0 dependence of P r s in cells expressing the 
XRJ -NR2A (•} or NRI NR20 nuhunit com hi nation (O). Data poinla represent the mean values from 
3- 10 cells. For all poinU the s.n. is within the alw of tJie symbol. Continuous line ivprvaents a theoretical 
curve for Pf-^Ce? 1 "^ illation for NK1-NU2A diarmels estimated on the basis of constant field 
assumption* hh detailed in Methods. 
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P { versus [Ca 2 *] 0 relation tends to saturate at lower values 
for NR1-NR2C subunit channels than for NRI-NR2A 
channels {Fig. 45). 

Calcium influx through AMPAR channel 
subtypes 

The bi-ionic Ca a+ -CV reversal potential of heteromcric 
GluR channels of the AMPAR subtype depends critically 
on the eo-a^sembly of unedited (Q-form) suhunits with the 
edited (R-form) version of tlie 0-mK-R subunit (Bunuuhev 
et al I992/i). Channels formed from different subunit 
combinations show a high relative Oa 24 permeability if the 
GhiR-B subunit is absent or if this subunit is present in 
the unedited (i.e. GluR~B(Q)) form. We investigated first 
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the Ca a+ influx and the P s of homomeric GluR channels in 
the Q-form and then determined the effect of GluR-H(R) 
subunit co-expression . 

Voltage dependence of Ca 3+ influx in Q-form subunit 
channels 

Figure 5A illustrates Ca 21 inflow measured by &F 2W and 
the total current 7 AMPAR at different membrane potentials 
in a cell expressing GluR-A channels. Ca 2+ inflow increased 
almost linearly between 20 and -60 mV 7 . At OmV 
membrane potential, where no net 7 AMPAR was measurable, 
an inflow of Ca 2+ was observed. Also, at positive membrane 
potentials when the net current was outwardly directed, 
the inflow of Ca 2+ could be detected (Fig. 55 and C). 
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Figure 5. Ca a+ flux during activation of 
homomeric AMPAR channels 
A, fluorescence decrement (AJ^ 0) left) and 
whole-cell current (/ AMPABf light) measured in 
normal extracellular RoJution at different 
membrane potentials in a cell expressing 
GluR-Asubunifcs. /*, illustration at expanded 
scale of Ca 2+ innow measured hy AF^ 0 at 0 
and 5 mV membrane potential where no net 
whole-cell current is detectable (0 juV) or when 
the current is in the outward direction (5 mV). 
C t voltaga dependence of fluorescence 
decrement (A^) evoked by glutamate in cell 
expressing homorriurio GJuR-A diannels. Same 
expexijnenl as mIkwd in A, 
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Similar result* were obtained in cells expressing GluR-D 
homomeric channels. 

Fractional Ca a * currents through Q-form aubunit 
channels 

To relate Ca 2+ inflow to the net I A ^ ATt , we measured P f by 
determining the F/Q ratio iu the same way as for NMDAR- 
mediated currents. Figure 6/1 illustrates AF 9HQ traces and 
7 AMPAR at two meuibiunc potentials and at two [Ca 2 "*"^ for a 
cell expressing GluR- A subunits. 

At -60 mV, P r s mediated by GluB-A or by GiuR-D 
channels were 3*2 and 3*9%, respectively, and somewhat 
larger (4*7 and 6%) at —30 mV. P f values increased at 
membrane potentials more positive than —30 inV for both 

A 



subunit channels as expected from constant field 
assumptions (Fi#. (SB). The experimental P t values, however, 
showed a stronger rectification than predicted. This P f 
rectification is opposite to 7 A mpar rectification (Burnashev el 
ai 1992a), and could be related to the earlier observation 
that addition of extracellular Ca 3H ' increases the whole-cell 
Na + current at membrane potentials between 0 and -30 mV 
and blocks the Na 1 current at potentials negative to 
—30 mV (Bumashev-ef al 1992a). The dependence of P r on 
[Ca 2+ ] 0 , shown in ffig. 60 for GluR- A homomeric channels 
at —30 and —60 mV membrane potential, indicates that in 
the concentration range tested P f is considerably smaller 
than expected for constant field behaviour and the voltage 
dependence of P ( is independent of l0a 2+ J o . 



G!uR-A. GluR-D 




[CaP+U (mM) 

Figure 6. Fractional Ca a+ current through homomcrio AMPAR channels 

A, fluorescence decrement (AF^) evoked by activation of GluB-A subunit channBln is despondent on 
membrane potential and [Ca 2 *^. Left column kIji>ws fluorescence traces at two different membrane 
potentiata and two different [0a 2+ ] o . The correspond inggluUmaio-cvoked whole-cell currents are shown 
in right column. Xoto that total charge transported is of approximately the same magnitude for 1*8 and 
10 noi [Ca 2 ^ (862 and 61 1 pA s at -30 mV; 1602 and 1641 pA s at -60 m\\ rrapoctively). At -30 mV, 
an increase in [Ca 2+ ] 0 also inemaKes the amplitude of the whole-cell current. At -HO mV, the increase in 
fCa 2 "^ slightly decreases the current amplitude. B, voltage dependence of fractional Oa 4+ current (P t ) 
mediated by homomeric AMPARa in 1-8 mM |Ca e '' J 0 for channels assembled from GluR- A (•) or GluR-D 
(O) subunits. Dashed line represents P f ~ K m relation for GluR-D subunit channels predicted by constant 
field assumptions using eqn (i) and setting P t at -60 mV as a cross-point. Note the deviation of 
experimental values from the theoretical curve at potentials more positive than — 40 mV. C] |Ca 3+ j 0 
dependence of F t mediated by CluR- A channels at -30 (Q) and -60 mV (O). Continuous and dashed lines 
represent theoretical curves for P f -[Ct?'] 0 illations at -30 and -60 tnV, respectively, estimated on the 
basis of constant field assumption* (Methods). 
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Heteromerio channels assembled from Q- and R-form 
subunits 

In some neurons native AMPAR channels are characterized 
hy a relatively low Ca 2+ i^rmeabiiity, with bi -ionic 
(Ca 2+ -Cd + ) reversal potentials between -45 and -50 mV 
(Jonas ft Satanaan, 19fl2; Jonas, Raeca, Sakmann, Seebmg 
& Monyer, 1»94) whereas in other neurons V nv is close to 
0 mV or positive (Jona* et al 1994; Koh, Geiger, Jona* & 
Sakinimn, 1995). The lower relative Ca** permeability of 
those native AAIFAR channels is probably due to channel 
assembly from different subunits including the GIuR-JS(R) 
subunit (Burnashev et al 1992a; Jonas el al 1994). We 
therefore investigated Ca a+ influx and P fS in cells 
co-transfectcd with oDNAs encoding the GluR-A and 
CluR-B(R) subunits. Experiments were performed on cells 
with high expression of channels, as judged by the large 
whole-cell current responses (l nA or larger) to 300 /cm 
glutamate in the presence of JO /*m eyefoth iazide. Since the 
heteromerio AMPAR channels vary in their functional 
properties between cells of the same transection, only P f 
values of ceils that showed a linear J- 7 relation in normal 
extracellular solution (the ratio of chord conductance at 60 
and -60 mV was unity) were analysed . 

Figure 7 A illustrates the voltage dependence of in a 
cell transfected with equal concentrations of cDNAs 
encoding GluR-A and GiuR-B(R) subunits. Fluorescence 



changes could be measured in the voltage range between 20 
and -60 mV wliere an almost linear voltage dependence 
was observed. The J> at -60 mV in cells oo- transfected 
with GhiR-A and GtoR-B(R) subunit cDNAs was low 
(0*6%, Fig. IB) and no significant voltage dependence of P f 
was detectable over this limited range of potentials. 

Effect of mRNA editing on fractional Ca 2+ currents 
through AMPARs 

Cells transfected with different ratios of cDNAs encoding 
R- and Q-forms of GluR-B subunits are characterized by bi- 
ionic reversal potentials around 0 mV suggesting that the 
degree of editing of the mRNA encoding the GluR-B 
subunit determines the relative Ga 2+ permeability of 
heteromerio AMPARs (Burnashev et al 1992*). To 
determine how editing controls Ca* f inflow through 
AMPAKa, we compared P t s in cells transacted with 
vectors carrying only the cDNAs of the GluR-B(Q) subunit 
version with cells co- transfected with cDNAs encoding 
GiuR-B(Q) and CluR-B(R) at concentration ratios of 10: 1 
or 1 : 1 (weight per volume ratios). 

Figure M illustrates that P fS at -60 mV membrane 
potential in ceils expressing only GluR-B(Q) ai* relatively 
high (3-4%), as for GluR-A and GhiR-D (Fig. 6), and the 
whole-oell I Fis doubly rectifying. In the cell tnuufected 
with a (10 : 1) mixture of cDKTAs encoding Q- and R-fonns 
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Figure 7. Fractional Ca^ current through heteromeric AMPAR channels 

-4 volte* *l»nde„,:e of fluorescence decrement. (&F 3jSO ) in cell co-espr^ CiuE-A and 01 U R-B(R) 

«uR-IJ(K) subumts. Dashed line indicates voltage dependence of P, exacted from the <awUnt CM 
current eqnat.on by setting the. P ( value at -60 mV « (;roes .poi„t. t (l^ 0 is " T^Si 
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of chore! conduct-aiices at 60 And -00 mV is unity. 
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P f is lower (2-9%), indicating that the relative abundance of 
GlnK-B(R) subiinit-specine mR'NA determines P t . 
Figure SB shows also that AMPAR channels with an 
almost linear f-V relation (at negative membrane 
potentials) may mediate relatively large P f s and have a 
relatively high Ca t+ permeability (Burnashev et aL I 992 a). 
.Finally in the coll transfected with a 1:1 mixture, P c is 
lower, about 1 % (Fig. %C). No voltage dependence of the P t 
was observed. 

Calcium influx through KAR channel subtypes 

The relative Ca 2+ penneability {PqJPcJ of homoincric 
channels formed from GluR-6 subunits of the KAR family 
depends on the degree of editing of mRNA at specific 



positions which encode amino acids of the putative 
transmembrane regions TMi and TM2 (Kohler et oL 1993; 
Egebjerg & Heineniann, 1993). To find out whether 
differences in relative Ca 2+ permeability (Kohler et aL 1993) 
are also seen in P f s p we characterized those channel 
subtypes that may occur most frequently based on the 
most abundant forms of GluR-6 m UN As found in the C-NS 
(Kohler et aL 1993). Since the current response to 
glutamate and kainate is rapidly desensitizing, we applied 
domoic acid (T)A) to measure total currents (/ KAK ) and P f s. 
Alternatively cells were pre -incu bated with 0*3 mg ml' 1 
ConA (see Methods) before glutamate was applied to 
prevent desenaitization. 
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Figure 8. Fractional Ca 8+ current through heteronteric AMPAR channels comprising Q- and R- 
form subunits 

A t fractional Ca ,+ current (P f ) at different menibrane potentials {P { - V m relation, left) of a cell expressing 
only GluR-H(Q) subunits. Voltage dependence of whole-cell currents measured in the same iwll (/-F m 
relation, right). Xote doubly rectifying shape of /- V m relation. B y P f - V lti (left) and J-V m (right) relations 
of a cell co-expressing GluR-B{Q) and GluR-B(R) subunits. Traiusftctiun of the cell with vectors carrying 
cDNAs encoding Q- and It- form subunits at 10 : 1 concentration ratio. Note reduction in /- K m rectification. 
Ratio of chord conductances at 60 and -f>0 mV is 0-4. 0 t P t -V in (left) and T- V m (right) relations of a cell 
eo-cx pressing GluR-B(Q) and CluR-tt(R) subuniis. Transfection of cell with vectors carrying cDNAs 
encoding Q- and R-form subunits at i : 1 concentration ratio. Note almost linear I-V m relation. Chord 
eonduebaniics ratio is 0*85. 
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Effects of editing on homomeric KAR channels 

Fractional (V + currents determined for tlie homomeric 
channels formed from GluR-tf summits in the two TM2 
forma (Q- and R-fbrm) unexpectedly had very different P t 
values. Cells expressing channels assembled from It-form 
subunits both unedited and fully edited in TM1 showed 
barely detectable AF 2S0 signals in physiological extracellular 
solution containing 0a 2+ at concentrations ranging from 1*8 
to up to 10 ium, although a large was recorded. An 
upper limit of P v that would be detectable in our 
experiments is 0-2%. However, AF^ signals and inward 
currents were measured in hi -ionic {Ga 2+ -Ce + ) conditions. 
On the other hand, tlie P ( & through GluR-6 channels 
assembled from Q-form subunits in physiological external 
solution at -60 mV w«re f -55 ± 0*15% (n = 5) for TM1- 
edited subunits and 2*0 ± 0-18% (« » 4) for TM1 -unedited 
subunits, significantly lower lhan the value for homomeric 
(Q-forin) AMPAR channels. Tlie difference in P { values for 
the Q-form subunits edited and unedited in TMl indicates 
that editing in the TM1 region also affects P f n through 
GluR-6 subunit channels. In cells co-trnnsfceted with the 
TM2 unedited and edited form of GlnR-6 subunits die bi- 
ionic (Ca if -Cs + ) reversal potential w;is more negative than 
that of either of the homomeric channels (Kohlcr el al 



1903). The P f value of the KAR channels composed of tho 
most abundant TM! -edited Q- and Reforms of the GluR-6 
subunit was 0-58 ±0-09% (/i = 5), intermediate between 
that of the corresponding homomeric R- and Q-form 
channels, and comparable to tliat of AMPAR channels 
formed from GluR-A and GluR-P>(R) subunits. 

DISCUSSION 

Tlie purpose of the experiments reported was to obtain 
quantitative results on P f s mediated by different subtypes 
of recombinant GluR channels under clearly defined 
conditions of cellular fluorescence (i.e. round cells without 
dendrites) and with GluR-channels of known subunit 
composition . On tlie one hand the results reported allow the 
estimation of the contribution of different GJu R subtypes to 
the glutamate-evoked Ca a+ inflow in neurones of the CNS 
as well as the contribution of particular subunits. On the 
other liand, knowledge of both P f s and bi -ionic (Ca^-CV) 
reversal potentials of CluR channels assembled from wild 
type subunits is a prerequisite for the identification of 
molecular determinants of Ca 2h influx by mutational 
analysis. Fractional Ca 2+ currents mediated by recombinant 
GluRs vary over a more than 50-fold range, depending on 
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Figure 9. Fractional Ca ,+ currents measured for different GluR channel subtypes and 

comparison with P x values calculated from bi-ionic (Ca 8+ -Ca 4 ) reversal potentials 

A, moan values (± «.i>.) of fractional 0a 2+ torrents (P ( ) measured at -60 mV membrane potential in 

1- 8 iiim [Ca 2+ ] 0 solution for HEK 203 cells expressing cither aingln .subunit* or different combinations of 
subunits as indicated nlwvo each bar. P r values (%) for NHDAR diannels were- XR1-NR2A 
11-04 ± 1 -25 (n = 22); NRI-NR2C, 8-2 ± 1 -2ft (» - 20). The values for AMPAR channels were: GIuE-a] 
3-2±0-4 (» = 17); GluR-D, 3-9±0-6 (* = 6); GluR,K(Q), 3-4 ± 0-4 («-3); GluR-B(Q)/j.i(l<), 10:1, 

2- 2 ± 05 (n = 3); CiuR-B(Q)/B(R), I : 1 , M ± 0-3 ( a = 3); GluR-A/I^R), 0-54 ± 0 09 (u = 3). For KAR 
channels the values were: GluR-b' (V, C. Q), 1*55 ± 0-15 {n = f>); CtIuR-6 (V, C, R), < 0-2 (n = 16)- GluR- 
W«i 0*5S±0-09 GluR-6 (I, Y, R),<0*2 (n = 3); GluK-6 (1, Y, Q), 2-0±0-lH = 4). 
P f values for GluR-(i subunite unedited in the TM region are not shown in the plot. 2?, /; valuta 
measured in physiological extracellular solution bi-ionic F rtF values measured in high lCa J *] 0 
(102 ium) bi-ionic [QF-Of) conditions for different GluR clianncl subtypes (O; Table 1). i> f values 
cakulfltad from the constant field fiurront equation (♦) are shown for comparison. The line represents the 
GHK prediction for the P £ - V l0V relation for |/ rtv between -60 and 30 mV under our experimental 
conditions. Hi-ionic F rHV mcAfiiireimsutv with heteromeric GluR-A/R(R) channels w*ere made with oelU 
which hUqwwI a linear I-V rcla(4on in normal extracellular solution, compai-able to that in cells used for 
P ( measurements. 
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Table 1 . Bi-ionie V m values for different GLuE channel subtypes expressed in HEK ceils, calculated 
and measured P f values and permeability ratios P^/P^ for high and low [Ca 3 *^ 



Subunit 






P t {%), -60 mV 


<102Ca 2 7 
143-5 C^ 4 ) 


(1-8 Ca 2 7 
14*5 Or) 


combination 


r re ,(mV) 




Calculated f 


Measured 


NR1 --NR20 


22-8 ± 1*9 (* = 
16-5 ±0*6(7? = 


10)* 
6)* 


14-2 
9-8 


11-04 ±1'25{» = 22) 
8-2±1-26( M =20) 


4-12 
2-72 


3-10 
2-23 


OluK-A 


14-2 ± 0*6 (« = 


4) 


86 


3-2±0*4(n= 17) 


2-34 


0-82 


ClnR-A/B(R) 


-01-8+ 1-9 = 


4) 


0-19 


0-54±<j«0i)(r/ = 3) 


0-05 


0-14 


GluR-fi(V, C, It) 
GluR-fl (V, C, Q) 


-19-0 ± 1-6 (w = 
-28*4 ±2*3 (a = 




in 

0-8 


<0-2(n = 16) 
J'55±0»15<n = 5j 


0-34 
0*21 


< 0-05 
0*39 



t P f (%) wlciilnted for plrysiological oximttillular solution from CHK current con (1 ) (sec Methods) f j> / 
P n ratio determined for 102 raM [0a 2+ ] o and 143*5 him intracellular Cs + according to Tino el at (1990)%* 
described in Methods (eqri (2)). The bulk eventrations were corrected for activities. § P /p 



ratio 



determined for l-8m>i [Ca a+ ] 0 (in the presence of 143*5 mw extracellular Ma + + K + J and'* 143*5 
intracellular Cs + solution (see Methods, eqn (I)) wing P t values measured at -60 mV. We bulk 
eoncenfc-ations were corrected for activities. * ltifferer.ee in V ttT statistically significant (Student* t test 
a > 0'Qi); *• difference in F rev statistically significant (Student's / test, a > 0(H). 



their compaction (Fig. 9^). The largest P f values are 
obser ved for heteromcric NMDAR (NR1-NR2A) channels 
(11%), the smallest values for homomeric KAR (GloR-0 
(R)) channels (< 0-2%). Cellular medianisms which control 
this remarkably wide rango of P { values are: (a) assembly of 
channels from different subunit families, (b) relative 
abundance of snbunit-speeific inRNAs and (c) editing of 
subunit mRNAs. Within each family of summits, tlie 
AMPAR and KAR channels show a wider range of P t 
values than NMDAR channels. 

Fractional Ca a+ currents and relative Ca 2+ 
permeability 

Using simple models of ion permeation, it is p;*ssible to 
derive, from the measured P t values, the respective P^/P^ 
permeability ratios. The relation between measured P f and 
the PcJPyf for ionic conditions in our experiments 
([Ca 2+ l 0 =l-8mM and = 143*5 nui) assuming the 
validity of the Goldman- Hodgkin-Katz (GHK) equation 
(according to eqn (7) in Sclmcggenburger tt al 1993; but 
note that in the original equation the 1' is missing in 
1 - exp(2¥')) is almost linear. The GHK equation rests on 
the assumption that them is no interaction among ions 
passing through the channel, an assumption which is 
unlikely to be true (Hille, 1992). Tt should therefore only be 
used as a starting point for a discussion of the discrepancies 
Iwtween measured P s values and theoretical expectations. 

Figure 9H shows a plot of the measured P t values at 
physiological [Ca 2, ] a (O) for different GluR channel 
subtypes as a function of the measured bi-ionic V t6Y at high 
|0a 2+ ] 0 . Also included are the expected P t values (•) 
calculated on the basis of hi -ionic (Oa^-Cs 4 ) V Vftv 
measurements (Table 1). 



For NMDAR channels (NK1 --NR2 A subtype) the bi-ionic 
V ny of 23 mV predicts a P f of 14%; the measured P t is 
11%, smaller than expected. Similarly, the predicted P s 
value from bi-ionic V^ v (17 mV) for the NR1-NR2C 
subunit combination is 10% t but the experimentally 
observed value is only 8%. A somewhat larger difference 
between expected (from bi-ionic V TCV values) and measured 
P f values is observed for the Ca 2+ -penneable homomeric 
AMPAR channels assembled from GluR- A subunits. 'Hie bi- 
ionic T rov i3 close to 14 mV predicting a P f of 9%, the 
measured P t being close to 3%. For heteromeric AMPAR 
channels which include an R-form subunit, the bi-ionie 7 WV 
predicts a P { of 0-2%, smaller than that measured in 
physiological solution (0*64%). 

The discrepancy between the PcJP^ ratios derived from P T 
on the one hand and bi-ionie K rev vahies on the other 
indicates that for some AMPAR, NMDAR and KAR 
channels constant field assumptions do not hold. Several 
lvasons may account for this. Firstly a larger surface 
potential on the internal (or external) membrane face may 
account for the smaller (or larger) measured P t . Secondly, 
GluR channels may have saturable ion binding sites and 
Na* and Ca 2+ may compete for then). For homomeric 
GluR-D channels, the P f is voltage dependent and increases 
from 4% at -60 mV to up to 9% at -20 mV while constant 
field assumptions predict an inci-ease to only 4-8%. Hie 
voltage dependence may indicate a voltage-dependent 
channel block by Ca a+ . Consistent with this view, it has 
been found that Ca* + acts at low concentration as a voltage- 
dependent blocker of Na* current at potentials more 
negative than -30 mV (Rurnashov et al 1992a). Thirdly, 
heteromanc AMPARs may assemble into a mosaic of 
channels with different subunit composition and inclusion 
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of GluR-B(R) subuiiibs eonl.1 change Ca 2 * permeability 
mare than it affects Ca 2+ conductance . 



Kraetional Ca 2+ currents determined for GIuR-fi channel 
subtypes show the largest discrepancy between expected 
(from bi-ionic V nvt Table t) and measured P f values. Ca a+ 
inflow b largest for die T142 Q.-form and smallest for tho 
R-form of GluR-6 channels regardless of TMl editing. 
Therefore, m UNA editing in the TM2 segment regulates 
Ca inflow through KAR channels in a way similar to that 
of AMPARh; by editing GhiR-6 mRNA in the triplet which 
encodes the amino acid at the Q/R site, the Ca 2+ inflow is 
almost abolished. This result is the opposite to what one 
may expect on the basis of F rev measurements (Tabic 1, 
Kohler fi al 1993). Unexpectedly reduced P r values for the 
R-fbrm of GluR-6 channels might be, at loaat partly, 
explained by a strong interaction of the Ca 2+ and Na + ions! 
For example, despite the higher Ca 2 * permeability 
estimated from the bi-ionic reversal potentials, the Ca a+ 
conductance of the GluR-6R channels in the ptwenee of 
Na + ions might be much smaller than that in pure Ca 2H 
solution. 

Relation between recombinant and native GluR 
channels 

In stellate cells of the visual cortex the P C JP 
permeability ratio of AMPAR cbunnel* (bi-ionic K* v is 
close to OmV) is higher than thai of pymmidal "cells 
{to-ionic V ny more negative than -60 mV) (Jonas el al 
1994). This difference in rehttive Ca 2+ permeability was 
traced to the lower abundance of GluR-B(R)-specific 
mRNA (Jgiuih et al 1994). This is in agreement with the 
finding that a lower concentration of GluR-B(R) oDNA, 
when t^tmufeding HEK 293 ceils with Q- and R-fbrm' 
cDNA-mrrying vectors, generates recombinant AMPAR 
channels which are characterized by a P r of 2% and a bi- 
ionic F ruv close to 0 mV (Bumashev et al 1992a). In cells 
where the mRNAs encoding the Q-fbrm subunits and those 
encoding G/nR-B(R) subunits are presumably equal in 
abundance, channels are expressed which are diaractenzed 
by a mean P f of 0-54% and a bi-ionic 7 rev close to -60 mV. 
The bi-ionic V w in these cells is comparable to that 
observed in ncoeortical pyramidal colls where indeed the 
GluR-B(R) mRNA is relatively more abundant than in 
stellate cells (Fig. 5 in Jonas el al 1 994). 



of stellate cells in neocortex or basket cells in dentate gyros 
(Jocuut fd al 1994; Koh er al 1995). Alternative?*;* co- 
activation of KAR channel subtypes may have contributed 
significantly to the relatively high P f values for AMPAR/ 
KAR channels in septal neurones. Likewise, the lower P 
values (6-8%) for currents generated by NMDAR activation 
may inflect predominant activation of NR2C subtype or 
more complex subunit assembly (rather tlian that of the 
NR2A subtype). Measurement of bi-ionic (Ca^-Os*) 
reversal potentials of glutajnato-activated currents in 
septal neurons may provide further clues to identify the 
GluR-subuniis expressed. 

For native NMDAR dumnch in cultured rat hippooampal 
cells, P r values were calculated using constant field 
assumptions and, in addition, assuming a simple channel 
Wucfc mechanism by Ga 2+ (Jahr & Stevens, 1993). We 
calculate for tliis channel a P f of 13-4% for 1 -8 mM [Ca 2+ ] , 
which is in the range of that measured directly for a 
><ecombinant NMDAR channel with a comparable V ionic 

The smaller P, value for NHI -NR2C channels as compared 
with NR1 -NR2A channels may be due to stronger block of 
P t s by Ca . This assumption predicts a shallower blocking 
curve of singlo-ohannel inductance with increasing [Oa* + J 
for NR1-NR2C receptors. Tlie reduction of the whole-cell 
chord conductance with lCa* + l 0 , ranging from 50 /m to 
110 imvr, was indeed shallower for NRl -NR2C channels as 
wmpaied with NRl -NR2A channels (nnt shown) 



It has been suggested that P, s in soptal neurones mediated 
by AMPAR and NMDAR eluumels vary only over a fivefold 
range (Schneggcnburger et al. 1993). Who'lo-eell currents 
evoked by kainate a/id presumably mediated by AMPARs 
hare a P { of 1-4%, those mediated by NMDARs a P t of 
6-8%. The relatively high P t value for AMPARs could 
mckvatc Out in septal neurones those receptors are more 
Ca permeable than, for example, those in hippocampal or 
neocortical pyramidal cells and umy be comparable to those 



Functional significance of differences in 
fractional Ca 8+ currents 

An interesting functional aspect of Ca 2 * infl ()W through 
GluR ohannels is that in neurons which express Ca? + - 
penneable AMPARs (Jonas rt al. 1994; Koh el al 1995) 
during the peak of EPSCs the Ca 2+ inflow mediated by 
AMPARs and NMDARs could bo compirable in size The 
contribution of different GluR channel subtypes to the 
inflow of Ca 2+ during EPSPs in CNS neurones may be 
estimated by using the relation established for F rev and P 
values for various recombinant GluR channels. In stellate' 
cells of Uie visual cortex the EPSC is mediated by co- 
activation of AMPAR and NMDAR channels and the 
relative amplitude of the EPSC peak current mediated by 
Ca -pa-meant AMPA and NMDAR channels varied 
between I: J and 10:1 in different synapses (Stern, 
Edward* fcSakmann, 1992). If it is assumed that the P t for 
tho EPSC component mediated by Ca if -permeable 
AMPARs (Jonas el d. 1994) is on average 3% and tho i^of 
NMDARs is 10%, then in theae synapses most of the Ca 8+ 
inflow through the postsynaptic membrane at the peak of 
tho EPSP would be mediated by AMPAR channel Over 
longer integration times, however, Ca 2+ inflow is dominated 
by NMDAR channels (see Koh el al. 1995). 
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One presumed function of NMDA ft channels is t.o allow 
coincideow detection of presynaptic electrical activity by a 
transient increase in postsynaptic Ca 8+ inflow (Bourne & 
Nicoll, 1993). In cerebellar granule cells, postnatally an 
increase in NR2C snbunifc mRNA abundance is observed 
(Monyer e.t al. 1994). Fractional Oa 2+ currents am smaller 
for NR2C $ubun it-containing charuiek and, therefore, the 
altered gene expression pattern in the cerebellum may 
change the voltage range of coincidence detection by 
reducing Ca K+ inflow at —20 mV (because of the smaller i\ 
of a NR2C subu nit-containing channel), but increasing 
Ca 2+ inflow at —40 mV (because of the weaker Mg 2 "' block 
of a NK20-coiitaining channel). The postnatal switch in 
abundance of NMDAR-*ubunit mRNAis, therefore, could 
enable neurones to detect weaker coincidences. 
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